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PRELIMINARY
Fermion Pair Production
in e+e− Collisions at 189 GeV




Preliminary measurements of the cross sections and forward-backward asymmetries
of hadronic and leptonic events produced in e+e− collisions at a centre-of-mass energy
of 189 GeV are summarized. Results for e+e− , +− , +− , qq , cc , bb production
show no signicant deviation from Standard Model predictions. This is also true for a
new measurement of the cc asymmetry at 183 GeV. These results lead to constraints
upon physics beyond the Standard Model such as four-fermion contact interactions, lep-
toquarks, Z’ bosons, R-parity violating squarks and sneutrinos, and TeV scale quantum
gravity. The leptoquark limits are complemented by a direct leptoquark search analysis.



















In 1998, an integrated luminosity of 173:74  0:20(stat)  0:74(syst) pb−1 of data were
taken at a centre-of-mass energy of
p
s = 188:6 GeV. These data were used to make
measurements of difermion production. The analysis method follows closely that used
in previous years [1], so will not be described in detail here. The high luminosity and
increased centre-of-mass energy imply that limits on extensions to the Standard Model
(SM) derived from these results and presented here, are often substantially improved with
respect to previous ALEPH results [1].
In addition to these results, a new measurement of the forward-backward asymmetry
of cc events at
p
s = 183 GeV is presented, which is the rst such measurement done by
ALEPH at LEP2.
2 Fermion pair production
Cross sections are measured in two
p
s0 ranges detailed below, where the variable
p
s0 is
dened as the bare mass of the outgoing lepton pair, or in hadronic events as the mass
of the Z=γ propagator. In the event selection, the following variable
p
s0m is used, which
provides a good approximation to s0:
s0m =
sin 1 + sin 2 − j sin(1 + 2)j
sin 1 + sin 2 + j sin(1 + 2)j  s :
Here, 1 and 2 are the reconstructed angles of the nal state fermions f and f measured
with respect to the direction of the incoming e− beam or with respect to the direction of
an initial state radiative (ISR) photon, if it is seen in the apparatus.
Cross-sections for all fermion pairs produced are given for:
 the inclusive process, i.e. including hard ISR with a loose cut (
√
s0=s > 0:1).
 the exclusive process for which radiative returns to the Z resonance are removed
by requiring a tight cut (
√
s0=s > 0:9). In this case, the nal state fermion is also
required to satisfy j cos j < 0:95 .
 For the e+e− channel the measured cross-section corresponds to
√
s0=s > 0:9 only,
in addition the outgoing lepton has to be reconstructed with j cos j < 0:9.
Forward-backward asymmetries are provided only for the exclusive process.
Figure 1 shows the measured
√
s0m=s distribution for hadronic events together with
the expected background contributions. The main background to the qq process comes
from W pair production, which for the inclusive (exclusive) process contributes at a level
of 14.1% (5.8%) of the signal . To calculate this background it is assumed that MW =
80:35  0:06 GeV, leading to a CC03WW = 16:62  0:33 pb assuming a 2% theoretical
uncertainty for this process.
The selection eciencies and expected background contributions for all channels are
summarized in Table 1. The measured cross sections are given in Table 2 and compared
with SM predictions. The latter are obtained from ZFITTER v6.10 [2] for the qq , +−





tion for qq events at 189 GeV
centre-of-mass energy. The
points show the data. The white
histogram gives the expected sig-
nal and the shaded one cor-
responds to the expected back-
ground contribution, which is
dominated by W-pair produc-
tion.
(fff 0f 0). SM predictions for the e+e− channel are taken from BHWIDE[3]. The predictions
are conservatively assumed to be uncertain by 1.5% for the hadronic channel, 3% for the
e+e− channel and 2% for the other leptonic channels. At 189 GeV, the theoretical error
for the e+e− channel exceeds the measurement error. In the near future, it is expected
that improved estimates of the theoretical errors will be available.
Eciency (%) Background (%)
qq 84:42 0:08 20:7 0:29√
s0=s > 0:1 +− 74:3 1:6 9:0 1:2
+− 44:3 0:5 14:4 1:1
qq 83:5 0:1 10:5 0:21√
s0=s > 0:9 +− 95:9 1:7 3:8 0:4
+− 64:2 0:8 15:0 1:4
e+e− (1) 87:8 0:4 11:9 0:5
e+e− (2) 95:3 0:8 14:0 0:7
Table 1: Selection efficiencies and backgrounds at
p
s = 189 GeV. For e+e− production,
the efficiency is calculated for (1) −0:9 < cos  < 0:9 and (2) −0:9 < cos  < 0:7 .
For dimuon and ditau events satisfying
√
s0=s > 0:9, asymmetries are determined by
comparing the number of leptons in the forward and backward hemispheres [1]. The
results are given in Table 3 and compared with SM predictions. Fig. 2 displays the
measured dierential cross-section at 189 GeV of the qq process, together with the SM
prediction.
All cross-section and asymmetry results are summarized, together with ALEPH mea-
2
events  (pb) S.M. predictions (pb)
qq 18036 97:1 0:67 0:65 97.67√
s0=s > 0:1 +− 1080 7:61 0:24 0:19 7.71
+− 667 7:32 0:31 0:12 7.71
qq 3229 19:57 0:44 0:13 19:46 0:29√
s0=s > 0:9 +− 460 2:66 0:13 0:06 2:67 0:05
+− 323 2:39 0:15 0:05 2:77 0:05
e+e− (1) 14575 84:00 0:72 0:71 87:25 1:74
e+e− (2) 3211 17:01 0:32 0:18 17:77 0:36
Table 2: Preliminary cross sections at
p
s = 189 GeV, together with their statistical and
systematic errors. The exclusive processes are defined in the angular range j cos j < 0:95.
For e+e− production, the cross section is calculated for (1) −0:9 < cos  < 0:9 and (2)
−0:9 < cos  < 0:7 . The third column gives the number of events after selection cuts
and before background subtraction.
AFB S.M. predictions√
s0=s > 0:9 +− 0:581 0:037 0:012 0.573
+− 0:569 0:051 0:046 0.572
Table 3: Lepton forward-backward asymmetries with statistical and systematic errors,
calculated for
√
s0=s > 0:9 in the range j cos j < 0:95 .
Figure 2: Measured exclusive
qq differential cross section at
189 GeV centre-of-mass energy.
The points show the data. The
histogram gives the SM cross
section.
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surements at lower centre of mass energies, in Figs. 3 and 4, where they are also compared
with SM expectations. All the measurements are in fair agreement with the SM predic-
tions.
Figure 3: Cross section measurements for fermion pair production versus centre of mass
energy. The curves indicate the expected cross-sections from BHWIDE for the Bhabha
process and from ZFITTER for the other channels.
3 Measurements of Rb and A
b
FB
The bb events are separated from the exclusive hadronic ones by proting from the long
lifetime of b hadrons. After clustering each event into two jets, an acceptance cut requiring
both jets within j cos j < 0:9 ensures that events are contained in the vertex detector.
The bb events are then tagged using the 3-dimensional impact parameter signicances of
tracks in the event. A condence level that all the tracks originate from the primary vertex
is calculated [4] and required to be less than a cut, optimized to maximize Sexp=
√
Bexp,




Figure 4: Asymmetry measurements for dimuon and ditau production versus centre of
mass energy. The curves indicate the expected asymmetries from ZFITTER.
A total of 260 events are selected with a bb eciency of 41.4%. They include an
expected background of 46.3 events. Systematic errors are evaluated by measuring with
the same technique Rb on the Z data taken in the same year [1] and comparing it to the
world average value . The following value is derived for Rb = bb¯=qq¯ at high energy:
Rb = 0:151 0:011+0.002−0.004 (Exclusive,
p
s = 189 GeV),
compared with a SM prediction of 0.166. The evolution of the Rb measurement as a
function of the centre of mass energy is displayed in Fig. 5.
The same b tagged events are used to measure AbFB and the anti-b tagged events
allow one to constrain the forward-backward jet charge asymmetry QudscFB . For these
measurements the jet charge technique of Ref. [1] is used. The following results are
obtained :
AbFB = 0:34 0:19 0:02 (Exclusive,
p
s = 189 GeV),
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Figure 5: Measured values of Rb compared with the S.M. expectations
compared with the SM expectation for AbFB being 0.57 , and
QudscFB = 0:015 0:005 (Exclusive,
p
s = 189 GeV)
for a SM expectation of 0.018. This latter result places constraints upon the qq asym-
metries and more importantly also on the relative cross sections of up and down type
quarks.
4 Measurement of Rc
Hadronic events are taken from the exclusive qq selection. After clustering each event
into two jets, the additional requirement that both jets to have j cos j < 0:9 is im-
posed, so ensuring that the event is contained inside the vertex detector acceptance. The
bb background is suppressed using the b tagging algorithm described in Section 3. A
cut is applied to reject bb -like events, such that only 5% residual bb contamination is
expected, whilst keeping 85% eciency for cc events. A systematic error of 1% on the
uds and c eciencies is estimated from a sample of semileptonic W pair events.
A total of 2422 events are selected and the cc selection proceeds as in [1], but only
nine variables per jet are retained and combined in a Neural Network. They are:
 The sum of rapidities with respect to the jet axis of energy flow particles within 40
of this axis.
 The energy of the four most energetic energy flow objects in the jet.
 The largest rapidity lepton (electron or muon).
 The highest momentum kaon.
 The missing energy.
 The decay length signicance of a reconstructed secondary vertex.
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 The condence level that all charged tracks to originate from the primary vertex.
 The condence level that all charged tracks having a rapidity with respect to the
jet axis exceeding 4.9 originate at the primary vertex.
 The condence level that the last charged track used to build a 2 GeV=c2 mass
system originates from the primary vertex, with tracks being ordered in decreasing
consistency with the primary vertex.
Figure 6 shows the distribution of the sum of the Neural Net output for the two jets: the
cut is optimized to maximize the ratio Sexp=
√
Bexp. An eciency of 52% relative to the
preselection, for a purity of 43% is achieved. A systematic error of 6% on the b background
level is estimated from a sample of b tagged events. An enriched u,d,s sample is selected
by taking the least c tagged jet from W ! qq0 and a systematic error of 2.4% on the light
quark eciency is thus derived. Similarly an enriched c sample can be selected from W
decays; the dierence in eciency between data and Monte-Carlo on this sample is of the
order of 8% and dominates the total systematic error. Systematic uncertainties due to
the preselection, Monte-Carlo statistics and luminosity are small.
Finally, the fraction of cc events is
Rc = 0:266 0:018+0.004−0.022 (Exclusive,
p
s = 189 GeV).
The expectation from the SM is 0.252 .
ALEPH PRELIMINARY
Figure 6: Distribution of the
sum of the cc Neural Net output
of the two jets. The lines indi-
cate the applied selection cuts.
5 Measurement of AcFB at
p
s = 183 GeV
To measure AcFB, the cc selection described in the Ref. [1] is used. From data correspond-
ing to an integrated luminosity of 56.09 pb−1 at
p
s = 183 GeV, 153 events are selected,
7
of which 74.8 are expected to be background.
For the determination of the quark charge, seven variables are combined in a Neural
Network : a rapidity weighted jet charge, four variables linked to the D mesons (charge
of the lepton, charge of the kaon, charge of the soft pion from D decay and the rapidity
weighted charge of particles with large impact parameters), and nally the charge of the
leading track and of the three most energetic tracks. The eciency for nding the correct
charge assignment is 81:2 0:6% on selected cc events. AcFB is obtained from a counting
method. The cos  distribution is displayed in Fig. 7, where the signal and background
contributions are detailed.
Figure 7: cos  distribution for
cc events.
Systematic uncertainties are estimated by varying the production fractions of D0 , D+
and D+[5], and the branching ratios of D to leptons and kaons[6] within their errors and
by varying the branching ratios of D to three or more charged tracks by 10%, giving
a systematic uncertainty of 0:02. Uncertainty of 10% on the uds and 20% on the b
eciencies lead to an additional systematic uncertainty of 0:07. In addition, using an
enriched b sample, an enriched uds sample and this c sample, comparisons of the MC and
data for the charge distribution of the jets with the largest and smallest jet charge as a
function of jet energy, jet angle and the cc Neural Net selection cut, lead to an additional
systematic uncertainty of (+0:07;−0:03).
The result is
AcFB = 0:95 0:27+0.11−0.09 (Exclusive,
p
s = 183 GeV),
compared with a SM prediction of 0.63.
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6 Interpretations beyond the Standard Model
Comparison of the measured difermion cross sections, forward-backward asymmetries and
angular distributions for 130 <
p
s < 189 GeV with SM predictions, allows one to place
limits upon many possible extensions to the SM. Following the method described in detail
in Ref. [1], which takes into account the uncertainties on the SM predictions described in
Section 2, limits are given here for four-fermion contact interactions, R-parity violating
sneutrinos, leptoquarks and R-parity violating squarks, and extra Z bosons. The difermion
results have also been used to place limits on TeV scale quantum gravity as described in
Ref. [7]. A direct search for leptoquarks is added to complete the picture.
6.1 Limits on Four-Fermion Contact Interactions
Many forms of new physics can be parametrized by four-fermion contact interactions.
These are characterised by a scale , interpreted as the mass of a new heavy particle
exchanged between the incoming and outgoing fermion pairs. By convention, the coupling
constant is taken as
p
4. (The mass limits scale in proportion to the assumed coupling).
Several dierent contact interaction models are possible (LL, RR etc.), which dier both
in terms of which nal state fermions they couple to and in the assumed dependence of
the coupling on the helicities of the incoming electron and outgoing fermion.
Using all the ALEPH LEP2 difermion results, ts are performed for the parameter
 = 1=2. The tted value of  and the resulting limits on  are given in Tables 4 and 5.
The positive and negative limits are derived assuming either constructive or destructive
interference with the SM. Use of the 189 GeV data improved the limits by about 30%
compared with those given in Ref. [1]. The new limits are very competitive with those of
other experiments. In particular, those involving fully leptonic couplings or b quarks are
inaccessible at pp and ep colliders.
6.2 Limits on R-parity Violating Sneutrinos
Supersymmetric theories with R-parity violation have terms in the Lagrangian of the form
ijkLiLj Ek, where L denotes a lepton doublet supereld and E denotes a lepton singlet
supereld. The parameter  is a Yukawa coupling and i, j, k = 1, 2, 3 are generation
indices. In dilepton events, s-channel (and to a lesser extent t-channel) exchange of an
R-parity violating sneutrino can then occur. Fig. 8 shows the limits obtained using the
measured dierential cross sections of Bhahba events. Similar limits have been derived
on other sneutrino couplings with the dimuon and ditau results. This analysis, together
with others performed at LEP, is is one of very few which can probe sneutrino masses of
a few hundred GeV/c2.
6.3 Limits on extra Z bosons
Table 6 summarizes the limits obtained for an extra neutral gauge boson of the E6, LR or
SSM models, already studied in [1]. The limits are derived here assuming a zero mixing
angle between the Z and the extra neutral gauge boson Z’, as this angle is known to be
small from LEP1 results. The limits are obtained from all data excluding the Bhabha and
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Model [−,+] (TeV−2) − (TeV) + (TeV)
e+e− ! e+e−
LL [−0:026;+0:034] 4.4 3.9
RR [−0:026;+0:035] 4.3 3.8
VV [−0:005;+0:007] 9.6 8.8
AA [−0:016;+0:005] 6.1 7.8
LR [−0:010;+0:025] 6.0 4.9
LL+RR [−0:014;+0:017] 5.9 5.6
LR+RL [−0:006;+0:011] 8.3 7.3
e+e− ! +−
LL [−0:017;+0:017] 5.5 5.5
RR [−0:019;+0:018] 5.2 5.2
VV [−0:006;+0:007] 9.1 8.7
AA [−0:007;+0:007] 8.6 8.7
LR [−0:248;+0:013] 1.9 5.2
LL+RR [−0:008;+0:009] 7.7 7.5
LR+RL [−0:024;+0:010] 2.0 7.0
e+e− ! +−
LL [−0:067;−0:021] 3.5 6.4
RR [−0:076;−0:023] 3.3 6.1
VV [−0:025;−0:008] 5.7 10.3
AA [−0:019;+0:000] 6.2 8.3
LR [−0:209;−0:017] 2.0 5.1
LL+RR [−0:033;−0:011] 5.0 8.7
LR+RL [−0:217;−0:002] 2.0 6.9
e+e− ! l+l−
LL [−0:017;+0:003] 6.3 8.1
RR [−0:018;+0:003] 6.1 7.8
VV [−0:005;+0:002] 11.5 13.5
AA [−0:007;+0:002] 9.4 11.5
LR [−0:012;+0:010] 6.6 6.8
LL+RR [−0:009;+0:002] 8.8 11.1
LR+RL [−0:006;+0:005] 9.4 9.6
Table 4: Results of contact interaction fits to leptons. The 68% confidence level range
is given for  = 1=2 whilst the 95% confidence level limits are given for . The results
presented in the l+l− part of the table assume lepton universality.
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Model [−,+] (TeV−2) − (TeV) + (TeV)
e+e− ! bb
LL [−0:026;−0:003] 5.4 8.5
RR [−0:174;−0:030] 2.2 5.8
VV [−0:021;−0:003] 5.9 9.7
AA [−0:018;−0:003] 6.6 10.8
LR [−0:081; 0:000] 3.1 4.7
RL [+0:022;+0:134] 5.8 2.5
LL+RR [−0:019;−0:002] 6.4 10.0
LR+RL [−0:005;+0:050] 5.4 3.8
e+e− ! qq
LL [−0:008;+0:008] 8.0 8.0
RR [−0:020;+0:011] 5.5 6.0
VV [−0:007;+0:004] 9.2 9.6
AA [−0:004;+0:005] 10.4 10.5
LR [−0:035;+0:037] 4.1 3.8
RL [−0:026;+0:023] 5.0 2.3
LL+RR [−0:007;+0:005] 9.7 10.0
LR+RL [−0:018;+0:070] 5.6 3.3
e+e− ! ff
LL [+0:003;+0:015] 11.4 7.2
RR [−0:003;+0:015] 8.4 6.8
VV [−0:001;+0:005] 14.9 12.0
AA [+0:001;+0:008] 15.2 10.1
LR [−0:020;+0:001] 5.9 7.8
RL [−0:012;+0:009] 6.9 7.1
LL+RR [+0:001;+0:008] 14.2 9.7
LR+RL [−0:008;+0:003] 9.0 10.4
Table 5: Results of contact interaction fits to quarks and quarks plus leptons. The 68%
confidence level range is given for  = 1=2 whilst the 95% confidence level limits are
given for . The results presented in the ff part of the table assume that the contact



















Figure 8: 95% confidence level upper limits, obtained from the Bhabha cross sections on
j121j versus the assumed ~µ or equivalently on j131j versus the assumed ~τ mass.
cc results. In the table, they are compared to the direct limits from the CDF experiment
[8].
Model ALEPH CDF direct
GeV/c2 GeV/c2
E6() 458 595




Sequential SM 1050 690
Table 6: Comparison of 95% confidence level lower limits on mZ′ from electroweak fits
(ALEPH) and direct searches (CDF) for mix=0.
6.4 Limits on Leptoquarks and R-Parity Violating Squarks
Limits on leptoquarks (LQ) are derived from the qq and bb cross sections and the jet
charge asymmetry measurements. The limits are summarized in Table 7, where a lepto-
quark coupling of
p
4em has been assumed. They are about 30% better than previous
ALEPH results [1]. The S0(L) LQ is equivalent to a ~d R-parity violating squark. By com-
parison, limits from the TEVATRON extend to 225 GeV/c2 for any leptoquark coupling
strength. For rst generation leptoquarks with electromagnetic coupling strength, HERA
excludes masses up to  250 GeV/c2 and atomic parity violation experiments exclude
masses up to 430-1500 GeV/c2 depending on the LQ species.
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Table 7: 95% confidence level lower limits on the LQ mass (GeV/c2) for each species.
Limits are given separately according to the quark generation to which the LQ is assumed
to couple. A dash indicates that no limit can be set and “N.A.” denotes LQs coupling only
to top quarks and hence not visible at LEP.
Quark Limit on scalar LQ mass (GeV/c2)







1st or 2nd 310 90 130 370 120 120 |
3rd N.A. N.A. 310 710 | N.A. 180







(L) V0 (L) V0 (R) ~V0 (R) V1 (L)
1st or 2nd 250 140 110 420 140 350 590
3rd 430 220 N.A. 450 170 N.A. 450
7 Direct Search for Single Leptoquark Production
To complete the above indirect LQ search, a direct search for e+e− ! LQ q e is done,
where the LQ decays to an electron and a quark/anti-quark. Single production of rst
generation scalar/vector LQs proceeds dominantly via t-channel photon exchange. The
predicted cross section [9] for scalar LQs of charge 1=3 and 5=3 is about four times
the predicted one for LQ of charge 2=3 and 4=3. Furthermore the cross-sections for
the vector LQs are higher than for scalar. In this case, LQ masses up to the kinematic
limits can be reached.
In the e+e− ! LQ q e process, the nal state electron almost always stays undetected
at low angle and the quark jet is soft for large LQ masses. Due to the large LQ mass
the decay jet and lepton are energetic and emitted at large angles. Thus, the topologies
looked for are one high energy electron (positron) plus one to three jets. The leading jets
and lepton are assumed to originate from LQ decay.
The ‘ERATO’ Monte-Carlo event generator [10] is used to generate signal events for
the e+e− ! LQ q e process and the LQ branching ratio to q e is set to 1 or 1/2 depending
on its nature. ISR is simulated with the structure function approach. Event samples
are generated for LQ masses ranging from 90 to 180 GeV/c2 in steps of 20 GeV/c2 and
processed through the ALEPH detector simulation. For a given LQ mass hypothesis,
the lepton-jet resolution is measured by a Gaussian t to the mass distribution on signal
Monte Carlo events. Only events within two standard deviations of the LQ mass are used
to calculate eciencies and contaminations.
In each mass region, in order to reject the contamination from the various SM pro-
cesses, cuts on the following reconstructed quantities are applied: the number of tracks,
the number of jets , the momentum of the leading electron, the energy of the reconstructed
jets, the invariant mass of the jets (if more than one jet is reconstructed), the polar angle
of the missing momentum, the angle between the electron and the non-LQ jet (if any),
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the angle between the electron and the LQ jet, the polar angle of the electron and of jets
and the polar angle between the electrons (if two are reconstructed).
The selection eciencies, corresponding to the above selection, vary from 45% to 61%
for LQ masses from 90 GeV=c2 to 180 GeV=c2. The major background is Zee for low LQ
masses and qq for high LQ masses.
The upper limits at 95% CL on the coupling  as a function of the LQ mass MLQ,
for scalar and vector LQs are given in Figs. 9 and 10, respectively, for all LQ charges
(1=3, 2=3, 4=3, 5=3). The horizontal line at  = 0:3 = p4em gives the mass
limit for an electro-magnetic coupling strength. For most models, mass limits close to
the kinematic reach are obtained, as shown in Table 8. Nonetheless, these results are not
really competitive with those obtained at HERA and the TEVATRON.
Table 8: Limits obtained for direct vector and scalar LQ search.
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8 Conclusions
Preliminary measurements of the hadronic and leptonic cross sections and asymmetries
at
p
s = 188.6 GeV were presented. Furthermore preliminary measurements of Rb and
bb asymmetries, as well as the jet charge asymmetries were reported at this energy. In
addition, a new measurement of the cc asymmetry at
p
s = 183 GeV was shown. The
measurements agree with SM predictions, and allow one to improve the constraints on
four-fermion contact interactions, leptoquarks, R-parity violating squarks and sneutrinos,
new gauge bosons Z’, and TeV scale quantum gravity. In addition a direct leptoquark
search gives results up to the kinematic reach for most of the studied models.
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